Potato leafroll virus (PLRV) is a major menace for the potato production all over the world. PLRV is transmitted by aphids, and until now, the only strategy available to control this pest has been to use large amounts of insecticides. Transgenic approaches involving the expression of viral replicases are being developed to provide protection for plants against viral diseases. The purpose of this study was to compare the protection afforded by the differential expression of PLRV replicase transgene in potato plants cv. Desirée. Plants were genetically modified to express the complete sense PLRV replicase gene. Two constructions were used, one containing the constitutive 35SCaMV promoter and the other the phloem-specific RolA promoter from Agrobacterium rhizogenes. Transgenic plants were infected with PLRV in vitro, using infested aphids. In plants in which 35SCaMV controlled the expression of the PLRV replicase gene, signs of infection were initially detected, although most plants later developed a recovery phenotype showing undetectable virus levels 40 days after infection. In turn, those plants with the RolA promoter displayed an initial resistance that was later overcome. Different molecular mechanisms are likely to participate in the response to PLRV infection of these two types of transgenic plants.
INTRODUCTION
Potato Leafroll Virus (PLRV) causes devastating effects on potato production. This virus primarily affects the aerial tissues of potato plants, causing the stem and apical leaves to roll. Unlike other viruses, PLRV is exclusively found in phloem tissues and causes necrosis and abnormal callose accumulation in the vascular system. PLRV is propagated by aphid vectors from plants originated from infested tubers.
According to its genetic structure, PLRV belongs to the Luteovirus subgroup 2. This virus possesses a 5.9 kDa genome consisting of a single strand RNA molecule with plus orientation that encodes six open reading frames (ORF) (van der Wilk et al., 1997) . Three of these frames are located near the 3´end and encode, through subgenomic RNA molecules, the 23 kDa coat protein (CP) (Van der Wilk et al., 1989) , a 17 kDa floematic movement protein (MP) (Sokolova et al., 1997 ) and a 56 kDa protein involved in the virus/vector aphid interaction (Chay et al., 1996) . The ORFs located near the 5´ end of the genome encode directly from genomic RNA several proteins (Matthews, 1991) . The protein VPg and a 70 kDa protein (van der Wilk et al., 1997) is encoded by the first ORF (Gorbalenya et al., 1989) . The second ORF encodes a 28 kDa protein of unknown function, whereas the third is thought to encode a 69 kDa replicase (Koonin, 1991) .
PLRV-resistant potato lines have been described, most of which are Chilean wild type lines (Contreras, 1984) . Unfortunately these lines are difficult to cultivate and even more difficult to cross with lines that are economically significant (Hermsen et al., 1981) . Further efforts have since been made to obtain virus resistant plants through transgenic manipulations. Transgenic resistance has been used successfully with other viruses, such as the Tobacco Mosaic Virus (TMV). In 1986 Abel et al. described the production of transgenic tobacco plants resistant to TMV that contain the viral gene of the TMV coat protein (CP). Subsequent reports confirmed the value of transgenic plants in controlling infection caused by different viruses (Miller and Hemenway, 1998; Dunwell et al., 2001) . However, in potato, the expression of the CP gene from PLRV affords only partial resistance (Kawchuk et al., 1990) . Similarly, the expression of the PLRV 17 kDa movement protein reduced PLRV infestation by a mere 30% and conferred partial resistance to potato virus Y (Tacke et al., 1996) .
Transformation of plants with viral replicase has been shown to produce very effective and stable resistance (Canto and Palukaitis, 1999) . This approach has been used with replicases from different viruses, such as the Cucumber Mosaic Virus (CMV) (Carr et al., 1994) , the Tobacco Mosaic Virus (Golemboski et al., 1990) or the Potato Virus X (Longstaff et al., 1993) . Although the resistance induced by replicase is high and stable in most cases (de Haan, 1997) , it is very specific and does not afford protection to related viruses (Palukaitis and Zaitlin, 1997) . It has been suggested that there is no single resistance mechanism involved in replicase-induced resistance. In fact, in some cases, the resistance observed does not seem to involve the expression of the replicase protein (Mueller et al., 1995; Tenllado et al., 1996) .
In potato, high levels of resistance to PLRV have been induced by the expression of diverse variants of the replicase gene from PLRV driven by the CaMV35S promoter from the cauliflower mosaic virus (Thomas et al., 2000) . Moreover, Colorado potato beetle-and PLRV-resistant potatoes were created by Monsanto and recently released and accepted in Canada and the U.S. for human consumption (http:// www.hc-sc.gc.ca/food-aliment/mh-dm/ofbbba/nfi-ani/e_ofb-099-127-b.html). Due to the constitutive nature of CaMV35S in these plants, the replicase transgene is expressed in all tissues. This widespread expression of transgenes has been postulated to affect the normal metabolism of plants (Graham et al., 1997) .
To prevent the problems derived from the constitutive expression of the transgene, and to determine whether tissue specific gene expression of PLRV replicase gene is sufficient to confer resistance to PLRV, we produced transgenic potato plants that express a PLRV replicase gene driven by the promoter RolA from Agrobacterium rhizogens, specific to vascular tissues. The replicase expression and induction of resistance in transgenic Desirée potato line was compared with that of transgenic plants in which the constitutive promoter CaMV 35S drove the replicase gene.
METHODS
All gene constructs reported here are based on the high copy number plasmid pGEMPOL, derived from vector pGEM-T (Promega Co.) that contains the 1.8 kb fragment encoding PLRV replicase (69 kDa), cloned into restriction sites BamHI/KpnI.
Plasmid pGEMPOL was restricted with KpnI. This site was blunted with Klenow enzyme and the fragment corresponding to PLRV replicase released with restriction enzyme BamHI. (Murashige and Skoog, 1962) , and grown in growth chambers under controlled conditions (temperature range 20-25ºC; 16-h daylight photoperiod and light intensity of 60 µEm -2 s -1 ).
Genetic transformation of potato with PLRV replicase
We used internodes from potato plant cv. Desirée maintained under in vitro conditions for 4-6 weeks.
A. tumefaciens strain LBA4404 transformed with either plasmid p35SPOL or pBRAPOL was used for transformation experiments. Potato plants were also transformed with A. tumefaciens containing the control plasmids pBI121 or pBRAGUS, carriers of the gene uidA, which encodes the enzyme β-glucuronidase (GUS). A. tumefaciens infection and subsequent selection of transgenic plants was carried out according to An et al. (1986) . Kanamycin resistant, ELISA NPT II positive independent clones were maintained in vitro, in medium MS supplemented with 50 mg/L of kanamycin (kan) and 300 mg/L of cefatoxime (cef), under growing conditions as previously described. The transgenic lines were named according to their respective genes and promoters. For instance, 35S replicase lines were labeled 35S01, 35S12, the lines containing the promoter rolA and the GUS gene: pBRAGUS1, pBRAGUS2, etc; and those containing the promoter rolA and the replicase gene RolA1, RolA5, etc.
Transgene detection in transformed plants
Genomic DNA was isolated from leaves of transgenic and non-transgenic plants following standard CTAB procedures (Ausubel et al., 1990) . A 1.8 kb fragment was targeted for PCR analyses using genomic DNA, using primers STAR-POL 5´-GCACCGCCCGCCAAAACA-3´ and STOP-POL 5´-GTGGTGGCACTCGGAA CC-3´. Both primers show a 100% sequence homology to the PLRV replicase gene. Amplifications were conducted in a "Programmable Thermal Controller PTC-100" (MJ Research, Inc.) and the PCR cycle was as follows: 1.) DNA denaturation: 95ºC, 3 min; 2.) DNA denaturation: 94ºC, 45 sec. 3.) Primer annealing: 65ºC, 30 sec; 4.) DNA polymerization: 72ºC, min; 5.) Steps 2-4 were repeated 30 times; 6.) Incomplete polymerization synthesis: 72ºC, 10 min; 7.) End and soaking at a 4ºC.
For Southern blotting procedures, 10 µg of genomic DNA were digested with restriction enzymes BamHI and KpnI to verify fragment insertion and with restriction enzyme HindIII to determine the transgene copy number. Restricted fragments were separated in 1% agarose gels and transferred onto Zeta-Probe®‚ nylon membranes (BioRad Laboratories, California, USA), following procedures reported by Ausubel et al. (1990) . A 1.8 kb fragment obtained from the PLRV replicase gene amplification with primers STAR-POL and STOP-POL was used as probe to analyze the insertion of the replicase gene into the potato genome. To determine the copy numbers, a 300 bp fragment derived from the PLRV replicase gene amplified with PCR primers ∆X-STAR 5´-AGCTCACCGACGGCCTTC-3´ and ∆X-STOP 5´GTTGACCGGAACGGCGGAG-3´, was used. Probes were labeled with (α-32 P) dCTP using the commercial kit Prime-aGene Labeling System (Promega Corporation, Madison, USA). Membrane hybridizations followed procedures reported by Ausubel et al. (1990) . After hybridization, membranes were washed with 2X SSPE, 0.1% SDS until specific radioactivity was detected but only in areas where RNA was located. Hybridization results were visualized through autoradiographic procedures, using Kodak XAR-2 film exposed for 2 -3 days at -70ºC.
Transgene expression in transformed plants
Total RNA was isolated from frozen potato leaves as described in Logemann et al. (1987) . 30 µg of total RNA were loaded for Northern Blot experiments, using 1% formaldehyde-agarose gels. RNA fragments were separated by electrophoresis and then transferred onto Zeta-Probe®‚ nylon membranes (Bio-Rad Laboratories, California, USA) as reported by Ausubel et al. (1990) . RT-PCR was carried out according to the recommendations of commercial kit "SUPERSCRIPT TM. Preamplification System for First Strand cDNA Synthesis" (Gibco BRL, Inc., USA) was used to generate the probe used in Northern blot experiments. Since the replicase mRNA creates several secondary structures, the protocol recommended for GC rich sequences (High GC RT) was followed. cDNA was created with oligonucleotide STOP-POL, and primers used for PCR amplification were STOP-POL and ∆X-STAR. Hybridizations with the 1.6 kb probe were carried out in a polyetilenglycol-and formamide-containing buffer, as described by Ausubel et al. (1990) . Membranes were washed with 2X SSC and 0.1% SDS for 20 min at 50ºC and then with 0.2X SSC, 0.1% SDS 0, 1% for 10 min at 50ºC. Hybridization results were visualized through autoradiographic procedures, using Kodak XAR-2 film exposed for 2 -3 days at -70ºC.
Tissue specific expression of PLRV replicase and PLRV resistance
In order to assess tissue-specific expression of the PLRV replicase gene, in situ hybridization analyses were conducted in transgenic plants according to the protocol reported by Pereda et al. (2000) .
PLRV-carrying aphids and plants grown in vitro were used to conduct viral infection with transgenic and control plants. Virus presence and accumulation was assessed 35 days after infection. Absorbance at 405 nm was used to determine PLRV capside protein relative accumulation using a commercial kit direct ELISA, alkaline phosphatase label, anti-PLRV (AGDIA Inc., Elkhart, USA). Figure 1 shows cassettes p35SPOL and pBRAPOL inserted between the right and left borders of binary plasmid pBIN19 (Bevan, 1994) , used to transform potato. Sequencing and restriction analyses of its structural element, the PLRV replicase gene, confirmed 100% homology with viral sequences previously reported (data not shown).
RESULTS

Genetic transformation of potato with the PLRV replicase gene
Potato plants of cv. Desirée were transformed with plasmids p35SPOL and pBRAPOL, both carriers of selection gene nptII. Since potato roots are extremely sensitive to kanamycin, root forming potato plantlets when grown in kanamycin containing culture medium were considered transgenic.
Genetic transformation experiments produced 15 and 5 p35SPOL and pBRAPOL transgenic lines respectively. These transgenic lines, plus another created with plasmid pBI121 (GUS positive control) were analyzed through ELISA to detect the presence of the neomycin phosphotransferase II enzyme (NPTII). They all tested NPTII positives, with the only exception of WT plants (negative control), suggesting that the recombinant T-DNA carrying antibiotic resistance was inserted and successfully expressed in transformed plants.
Molecular analyses of potato transgenic clones. PCR and Southern blot analyses
ELISA NPTII positive potato lines were also analyzed through PCR amplifications and Southern blot hybridizations in order to verify the presence of the PLRV replicase gene. PCR analyses showed that all plants identified as NPTII positive presented a 1.6 kb fragment. Restriction analyses confirmed that this fragment was the full PLRV replicase gene (data not shown). Southern blot hybridizations were then conducted in order to confirm integration of the PLRV replicase gene into the genome of potato in 20 transgenic lines (data not shown). All lines proved to be carriers of the PLRV replicase gene, confirming results obtained through PCR amplification and ELISA NPT II. This body of evidence suggests the presence of the complete PLRV replicase gene existing in cassettes p35SPOL and pBRAPOL in transgenic potato plants. Copy number analyses in 10 randomly selected lines identified 5 single copy plants, and 3 and 2 plants with 2 and 3 gene copies respectively (Table I) .
Northern blot and RT-PCR analyses
Expression analyses of mRNA from the PLRV replicase gene were also conducted to determine its transcriptional activity and also to relate its expression levels with the degree of resistance to PLRV infection Northern Blot experiments showed a 1.8 kb transcript in 6 of the 12 lines analyzed. Transgenic lines RolA3, 35S16, and 35S21 shown in lanes 4, 5 and 6 of Figure 2 respectively present a positive signal corresponding to the expected transcript, although at different intensities. In order to be able to detect PLRV replicase gene transcripts at a higher sensitivity level and to avoid false positives, RT-PCR was also conducted. Since less tissue-specific expression was expected in transgenic plants expressing promoter RolA, a double load of RNA was used in transcriptase reverse reactions in those transgenic lines derived from plasmid pBRAPOL.
Most transgenic lines showed a transcript corresponding to the transgene under study. PLRV replicase gene transcripts were observed in lines 35S18, 35S22 and RolA8, which tested negative in Northern blot experiments (Table I) . Nevertheless, none of these experimental approaches was able to detect the PLRV replicase gene transcript in lines 35S19, 35S25, and RolA1, although they tested positive in Southern blot experiments using a PLRV replicase gene probe (Table I) .
In situ hybridization studies
Leaf tissues were used to conduct in situ hybridization experiments, aiming to assess whether the expression patterns of PLRV replicase gene followed the tissue specificity patterns expected from the promoters transgenic plants were derived from. Transgenic plants expressing PLRV replicase gene under the transcriptional control of promoter 35S presented a transcript across all leave tissues, including mesophyll and petioles ( Figure  3B ), whereas PLRV replicase gene transcripts were only observed in vascular tissues in transgenic plants expressing the PLRV replicase gene under the transcriptional control of promoter RolA ( Figure 3D ). Similar results were observed when the tissue specificity of reporter gene GUS under the transcriptional control of these promoters was analyzed (data not shown). Figure 4 ). Table I summarizes the resistance to PLRV observed in transgenic potato lines. Neither a clear relationship between transgene expression detected through Northern experiments or RT-PCR and PLRV resistance, nor a consistent relationship between transgene copy number and virus resistance were observed (Table I) . DISCUSSION 
Genetic transformation of potato plants with the PLRV replicase gene
We report here the successful development of transgenic plants of potato cv. Desirée that express the PLRV replicase gene exclusively in phloem tissue. The tissuespecificity was attained by the use of the promoter RolA from Agrobacterium rhizogenes, which is expressed exclusively in vascular tissues (Carneiro and Vilaine, 1993) . In contrast, when the promoter 35S from the Cauliflower Mosaic Virus (CaMV) was used, replicase transcripts were detected in all tissues examined (Figure 3) . In naturally infected plants, the viral components of PLRV and other Luteovirus are found exclusively in sieve elements, companion cells, and phloem parenchymatic cells (Kojima et al., 1969; Derrick and Barker, 1997) . We therefore aimed to develop resistant plants in which the expression of the PLRV transgenes was restricted to the tissues susceptible to this virus.
Our transgenic plants carried, in most cases, a single copy of the replicase gene. However, some plants with two and three copies were also obtained (Table I) . Despite having the same number of gene copies (i.e. one), differing levels of PLRV replicase messengers were found in 12 of the 20 transgenic lines analyzed (3 RolA lines and 9 35S lines). Transgenic plants carrying the promoter 35S had higher total levels of PLRV replicase messenger than plants carrying the ROLA promoter. RT-PCR experiments further confirmed the presence of the replicase gene in all transgenic plants that tested positive in the Northern blot (Table I) . On the other hand, plants from lines RolA8, 35S18 and 35S22, which gave negative results by Northern blot analysis, tested positive for the replicase gene, as determined by RT-PCR (Table I) . Line RolA1, 35S19 and 35S25 tested negative in both Northern blot and RT-PCR analyses. This negative result may indicate that the RolA1, 35S19 and 35S25 lines either do not express the PLRV replicase gene or have an expression level below the resolution of the methods used in this study. No clear relationships were found between the transgene copy number, the level of expression of the PLRV replicase gene, and 
+ indicates gene transcript presence, and -gene transcript absence in replicase gene RT-PCR column. In the PLRV resistance column, +++ corresponds to a viral accumulation equal or inferior to 15% of the titer observed in non-transformed plants at 30 dpi; ++ corresponds to a viral accumulation between 15% and 40% of the titer observed in non-transformed plants at 30 dpi; + corresponds to a viral accumulation between 40 and 65% of the titer observed in non-transformed plants at 30 dpi; +/-corresponds to a delay in viral accumulation during the 40 dpi period and a subsequent accumulation equal to that observed in non-transformed plants; -corresponds to a viral accumulation similar to that observed in observed in non-transformed plants. ND: Non-determined.
the resistance to PLRV in transgenic plants, regardless of the promoter used for transformation. The fact that independent transgenic lines with independent insertions show similar resistant behavior but different molecular responses may indicate that different mechanisms are involved in this resistance.
Analysis of resistance to PLRV infection in transgenic plants
According to their response to PLRV infection (as indicated by the total viral titer), three clearly different phenotypes could be distinguished among the transgenic plants. The first phenotype (characteristic of transgenic lines 35S21, RolA3 and RolA8) was completely susceptible to viral infection. Viral accumulation in these lines was similar to that observed in non-transformed plants challenged with PLRV. These plants were susceptible to viral infection despite the fact that they expressed the replicase gene. The second phenotype was only observed in line RolA1 and displayed initial resistance to the virus. When compared to the first phenotype, this line had lower levels of viral accumulation at all times during analysis. The viral titer was low and stable during the first 40 days after infection (dpi) and increased subsequently (50 and 60 dpi). However, it never reached the levels found in non-transgenic potato plants infected with PLRV (Figure 4) .
The third phenotype corresponds to a previously-reported "recovery phenotype" (Tenllado et al., 1996) . This phenotype was observed only in transgenic plants transformed with the promoter 35S and was characteristic of 75% of the potato transgenic lines obtained. These plants showed variable degrees of recovery from viral infection (Table I, Figure 4 ).
No clear relationship was found between the phenotype of the plant and the expression of the replicase transgene. For instance, in plants with phenotype 1, (RolA3, RolA8) the viral replicase gene is detected but no resistance is observed. A possible explanation for this is that the transcription of a single transgene might not produce a level of RNA transcript sufficient to activate the RNA surveillance system (Goodwin et al., 1996) .
In the case of phenotype 2 plants (RolA1 line), a transient resistance to PLRV was seen despite the fact that no messengers of the PLRV replicase were detected (Table I ). This may indicate that a post-transcriptional gene silencing (PTGS) process is involved. In the PTGS process, once a specific mRNA enters the cytoplasm, it is recognized by the RNA surveillance system and degraded. This phenomenon is observed in different organisms including plants, animals, and fungi (Waterhouse, 1999; Sijen and Kooter, 2000) . When transgenic plants become infected with the virus that expresses the same sequence as the transgene, the mRNA, viral RNA, and transgene mRNA are degraded (Vaucheret and Fagard, 2001 ). Other studies show that PTGS degradation also occurs when the RNAs derived from the transgene are homologous to any plant mRNA present in the cytoplasm. Viruses are able to induce PTGS in plants, even in the absence of a homologous transgene (Llave et al., 2000) . It is therefore possible that the introduction of the PLRV replicase gene into potato plants activates the RNA surveillance system that affects both transgene-and viralderived messengers. Thus, we postulate that PTGS is involved in the initial resistance of line RolA1 to PLRV infection.
The loss of the resistance in phenotype 2 plants (RolA1 line) is a puzzling finding. On the one hand, it might be the result of the end of the PTGS. In fact, PTGS has been reported to disappear after 40 dpi, particularly in meristematic tissues (Ruiz et al., 1998) . On the other hand, the increase in the virus titer observed from 40 dpi on may result from the spread of viral particles to cells that are in close proximity with vascular tissues. This idea is based on the fact that even when PLRV is normally restricted to vascular tissues (Kojima et al., 1969; Derrick and Barker, 1997) , viral particles have been shown to spread out of the vascular tissues and infect adjacent cells (Derrick and Barker, 1997) . If this were the case in our RolA1 plants, it could be concluded that the cellular mechanisms responsible for the initial resistance observed were not present in the adjacent cells to prevent the replication of the viral particles. Based upon current evidence, it is not possible to determine which mechanism or mechanisms are involved.
In the case of phenotype 3 plants (transformed with the promoter 35S), their ability to recover from infection seems to have a complex relationship with the expression of the PLRV replicase gene. For example, lines 35S25 and 35S19 displayed a recovery response despite having no detectable levels of PLRV replicase messenger. This may indicate either that resistance is possible without replicase messengers or that these plants expressed replicase at levels undetected by our methods. In contrast, line 35S16 had both a recovery response and replicase messengers (Table I) The possibility that the PLRV replicase protein plays a role in the resistance observed in transgenic plants that express the replicase transcripts cannot be ruled out. This would be consistent with results found in transgenic potato plants infected with TMV or CMV viruses. In some plants infected with TMV that express resistance 8 days after inoculation, replicase proteins are thought to underlie the resistance response. Replicase transcripts are thought to mediate resistance during the first 7 dpi (Goregaoker et al., 2000) . On the other hand, resistance to CMV is seen in plants that express transcribed forms of CMV replicase, but not in those that express nontranscribed forms of the enzyme (Wintermantel and Zaitlin, 2000) . This suggests that the transgene replicase would be necessary for an effective resistance.
In conclusion, with the use of the RolA promoter, we were able to produce transgenic potato plants that express the replicase gene exclusively in the phloem tissue. These plants displayed a transient resistance to PLRV infection and variable levels of replicase transcripts. On the other hand, plants transformed with the 35S promoter expressed the replicase transcripts in all tissues and displayed long-lasting resistance to PLRV infection. The relationship between resistance and replicase expression was not clear. In fact, some transgenic plants transformed with RolA were resistant to infection but had no detectable levels of the replicase RNA. This may be the result of a post-translation gene silencing (PTGS) process. The relative role of the viral replicase messenger and protein in PLRV resistance remains to be determined.
Resistant PLRV lines have been created by Monsanto Co. using cultivar Russet Burbank. These lines are also resistant to CPB (Colorado potato beetle), and have been recently released and accepted in Canada and USA for human consumption (http://www.hc-sc.gc.ca/food-aliment/mhdm/ofb-bba/nfi-ani/e_ofb-099-127-b.html). As in our transgenic potato plants, the molecular process for PLRV resistance may be the possible gene silencing process involved in the replicase-mediated resistance.
Field experiments will be necessary to determine whether the transient resistance seen in RolA1 plants is sufficient to prevent the devastating effect of PLRV on potato production and to compare it with other natural or created PLRV-resistant potato lines.
